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I ABSTRACT 

The low energy  s p e c t r a  of p r o t o n s  and helium n u c l e i ,  

r e c e n t l y  measured by McDonald and Ludwig, and by Fan, 

G loeck le r  and Simpson, are he re  c o r r e c t e d  f o r  s o l a r  

modula t ion  and d i f f u s i v e  passage through i n t e r s t e l l a r  matter. 

The r e s u l t i n g  s o u r c e  spectrum is e x h i b i t e d  and compared w i t h  

the spectrum of a c c e l e r a t e d  p a r t i c l e s  i n f e r r e d  from h igh  

energy d a t a .  T h i s  a n a l y s i s  y i e l d s  a t r a n s m i s s i o n  e f f i c i e n c y  

of She s o u r c e  environment wh ich  is s i m i l a r  i n  form t o  t h e  

v e l o c i t y  dependent s o l a r  modulat ion of low energy  p a r t i c l e s .  
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I n t r o d u c t i o n :  I n  t h e  s t u d y  of ga lac t ic  cosmic r a d i a t i o n  i t  is 

of i n t e r e s t  t o  d i v i d e  t h e  e v o l u t i o n  of t h e  observed  par t ic les  

i n t o  f o u r  s t ages : l  

( a )  i n j e c t i o n  from s o u r c e  r e g i o n s  

(b) p o s s i b l e  p a r t i a l  confinement i n  s o u r c e  r e g i o n s  

i c )  motion i n  t h e  i n t e r s t e l l a r  medium 

(d)  so la r  modulation. 

I n t e r s t e l l a r  p ropaga t ion  h a s  been s t u d i e d  e x t e n s i v e l y  by many 

WGT~:?:-S~ y3 7 4  from a d e t a i l e c !  d e t e r m i n a t i o n  of t h e  charge  spectruin 

of ~ i - , c  cosmic r a d i a t i o n .  I n  p a r t i c u l z r ,  it has been found  t h a t  

L i ,  2e: B ( c a l l e d  L n u c l e i )  occur  i n  pr imary cosmic r a d i a t i o n  

x i t h  32 abundance v e r y  large compared t o  t h e i r  u n i v e r s a l  abundance. 

A s  zlrrse n u c l e i  g e t  e a s i l y  des t royed  i n  n u c l e a r  i n t e r a c t i o n s  a t  

s t e l l a r  t e m p e r a t u r e s ,  it is r e a s o n a b l e  t o  assume t h a t  t h e y  are 

p~obab3.y n o t  p r e s e n t  i n  t h e  s o u r c e  r e g i o n s ,  bu t  are produced i n  
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i n t e r s t e l l a r  medium. Using t h e  abundance of t h e s e  l i g h t  n u c l e i  

r e l a t i v e  t o  h e a v i e r  n u c l e i ,  an estimate of t h e  mean amount of 

m t t e r  t r a v e r s e d  i n  t h e  i n t e r s t e l l a r  medium5 h a s  been made. For 

r e l a t i v i s t i c  e n e r g i e s ?  a r e c e n t  estimatef6 t a k i n g  i n t o  account  

effects due t o  decay of  u n s t a b l e  i s o t o p e s  formed i n  c o l l i s i o n s  

and o t h e r  d e t a i l s  of n u c l e a r  c o l l i s i o n s ,  g i v e s  a v a l u e  of 

2 . 5  gn/cm2 a s  t h e  mean amount o f  m a t t e r  t r a v e r s e d  by cosmic r a y s  

ir, t > e  i n t e r s t e l l a r  medium and is cons ide red  t o  be a r e l i a b l e  :- 

x c ~ - s ~ ~ * e  of this quantity.7 A t  I C ~ ;  c z c r g i e s ,  however, t h e  p i c t u r e  

_ I s  n o t  s o  clear and some exper iments  ' 2 '  seem t o  i n d i c a t e  an in-  

c r e a s e  i n  t h e  r a t i o  of t h e  abundance of L n u c l e i  t o  t h a t  of h e a v i e r  

nuclei. Kaplon and Skadron' have f n t a - p r e t e d  t h e  i n c r e a s e  of 

i- 1 . LLiis r a t i o  a s  ev idence  t h a t  t h e  t r z v e r s a l  of m a t t e s  5 y  low energy  

7 . ~ ~ ~ c ? - c i  i s  enhanced by a F r e f e r e n t i a l  conf i nenen t  for low energy 

; ~ r - ~ l c , l e s  i n s i d e  source r e g i o n s  L 5 a t  a re  surrounded by p a r t i a l l y  

reZicc-t i n g  boundar ies .  
1 1  ,;?e a n a l y s i s  p r e s e n t e d  i n  t h i s  paper  is based p r i m r i l y  upon 

T C C C ~ S  e x p e r i n e n t s ,  conducted on board t h e  IF;?-I s a t e l l i t e ,  which 

'.ir?-:-. yLelded t h e  f i r s t  c l e a r  measurement of t h e  low energy  spectraxi  

I r- c :. 
I ' j  
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r i e d i m ,  and t h e i r  energy  is t h e r e b y  g r e a t l y  modi f ied .  T h i s  de- 

g r a d a t i o n  of energy is a d i r e c t  s e n s i t i v e  measure of t h e  q u a n t i t y  

of matter t r a v e r s e d  by cosmic r a y s .  Due t o  t h e i r  l o w  magnet ic  

rigidity, these p a r t i c l e s  a l so  serve a s  a probe of t h e  magnet ic  

structure that is charac te r i s t ic  of t h e  s o u r c e  environment .  

In t h i s  paper  w e  d e f i n e  t h e  sou rce  spectrum i n  an  o p e r a t i o n a l  

ViZy. Tie first take t h e  expe r imen ta l ly  observed energy spectrum 

an6 "denodulate"  it for solar  c y c l e  e f f e c t s .  T h i s  "demodulated" 

spzc t -cn? ,  which r e p r e s e n t s  t h e  cosmic r a y  energy spectrum o u t s i d e  

the s o l z r  sys tem,  is t r a c e d  back through t h e  i n t e r s t e l l a r  medium 

by t a k i n g  i n t o  account  t h e  energy loss  due t o  i o n i z a t i o n .  The 

d i s p e r s i o n  i n  p a t h s  a r i s i i g  f r o m  t h e  d i f f u s i o n  of cosmic r a y s  i n  

t h e  i n t e r s t e l l a r  medium is cons ide red  i n  t h e  a n a l y s i s ;  t h i s  in -  

vo lves  a s p e c i f i c a t i o n  of t h e  d i s t r i b u t i o n  i n  p a t h  l e n g t h s  about 

'the icean value of 2 . 5  gms/cn2. Finally, by comparing t h e  s o u r c e  

spectrua o b t a i n e d  i n  t h i s  way w i t h  t h e  spectrum of accelerated 

Particles i n f e r r e d  from h i g h  energy d a t a ,  w e  a r e  a b l e  t o  recon-  

s t r u c x  the t r a n s m i s s i o n  f u n c t i o n  of t h e  p h y s i c a l  s o u r c e  environ-  

m e n t .  
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h e l i m  nuc leus  r i g i d i t y  s p e c t r a  are comparable a t  h igh  r i g i d i t i e s ,  

i t  is clear t h a t  a t  r i g i d i t i e s  below - 1500 MV t h e  two s p e c t r a  

are d e f i n i t e l y  d i s t i n c t .  T h i s  shows t h a t  r i g i d i t y  can no t  be 

used as a u n i v e r s a l  parameter  f o r  c h a r a c t e r i z i n g  t h e  spectrum 

of cosmic r a y  p a r t i c l e s .  

r’ igure 2 e x h i b i t s  t h e  p ro ton  and h e l i m  nuc leus  s p e c t r a  i n  a 

r e p r e s e n t a t i o n  based upon t h e  k i n e t i c  energy  p e r  nucleon.  I n  t h i s  

i n s t z n z e ,  t h e  helium n u c l e u s  d a t a  have been scaled by 5 .7  t o  a c h i e v e  

2 n o r s a l i z a t i o n  t o  t h e  p ro ton  d a t a .  A s  i n d i c a t e d  i n  F igu re  2 ,  a 

s i n g l e  cu rve  d e s c r i b e s  a l l  t h e  p e r t i n e n t  p ro ton  and h e l i w  n u c l e u s  

data p o i n t s .  T h i s  s u g y e s t s  t h a t  t h e  k i n e t i c  energy p e r  nuc leon ,  

or any o t h e r  p u r e l y  v e l o c i t y  dependent f u n c t i o n ,  might be used  t o  

&C;‘:2letely charzcterize t h e  spectrum of a l l  cosinic ray p a r t i c l e s .  

. . .IC n n a l y t i c a l  e x p r e s s i o n  for t h e  Snciicated c c r v e  is r.7 - 
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For p ro tons  and helium n u c l e i  i n  t h e  l o w  energy  range  t h e  

i n p o r t a n t  e f f e c t s  t o  be t aken  i n t o  account  are i o n i z a t i o n  l o s s  

i n  t h e  i n t e r s t e l l a r  medium and s o l a r  modulat ion.  A t  low energy  

t h e s e  p r o c e s s e s  affect  t h e  p r o t o n s  and he l ium n u c l e i  i n  an 

i d c n t i c a l  way as r e g a r d s  changes per  nuc leon .  The r e a s o n s  f o r  

L ~ ~ L S  a r e  t h a t  I) f o r  equa l  Z2 / A ,  which is t h e  case f o r  p r o t o n s  

a20 n 3 l i u m  n u c l e i ,  t h e  i o n i z a t i o n  l o s s  p e r  nucleon is a u n i v e r s a l  

f-i:ic,tion of v e l o c i t y ,  and 2) t h e  lotbr  energy  s o l a r  modulat ion is 

a .Lz:iivzrsal f u n c t i o n  of v e l o c i t y .  

.L I-% < 

- .  

KcDonald and Ludwig'' have deduced t h e  g a l a c t i c  p ro ton  

sp?z?.rurn expec ted  a t  E a i  t h  under t h e  assumption o f :  

i) 2~ Energy s p e c t r u a  a t  i n j e c t i o n  of 'the form 

I-; ,-e -e r@ is t h e  d e n s i t y  of cosmic r a y s  of k i n e t i c  energy , 
I n  7 2 7 ,  and @ is t h e  protoc v e l o c i t y  i n  u n i t s  of t h e  v e l o c i t y  

of li:b..t, ii> 2.5 gm/cn2 of hydrogen t r a v e r s e d  i n  t h e  i n t e r s t e l l a r  

r.e3!..v_'n. ar?^d i i i )  a solar nodu la t ion  giyien by 
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The r e s u l t s  of these c a l c u l a t i o n s  by McDonald and Ludwig are 

s h w m  by t h e  d o t t e d  curve of F igure  1. By comparing t h e i r  p ro ton  

d 2 . t ~  v;ith t h i s  d o t t e d  cu rve ,  t h e y  conclude t h a t  e i t h e r  t h e  s o u r c e  

spectrum is much s t e e p e r  t h a n  what hzs been assuTed or t h e  so la r  
. 

r .odula t ion  is weaker a t  t h e  low e n e r g i e s  e x p e r i m e n t a l l y  observed.  

L ~ i i ~ g  the same s o l a r  n o d u l a t i o n ,  the present a n a l y s i s  i n d i c a t e s  -- 

4. LAILL i 7 -c -2% s o u r c e  spectrum z t  low e n e r g i e s  is s t r o n g l y  a f f e c t e d  by 

the t r a n s m i s s i o n  character is t ics  of t h e  s o u r c e  environment .  

?arker13 h a s  d e s c r i b e d  t h e  11 g e a r  s o l a r  modulat ion of cosmic 

rays is t e r m s  of a q u a s i - s t a t i o n a r y  s o l u t i o n  t o  a Smoluchowski 

g e n e r a i i z e d  d i f f u s i o n  ec;uation14 for t h e  p r o c e s s  of a charged 

-7.. - * - -  
i . L . :  ,;cIe d i f f u s i n g  among tbe  magnet ic  k i n k s  convected a-iqay from 

li ~. . . .-0 - .. 
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For  e n e r g i e s  h igh  enough s u c h  t h a t  R>,f t h e  s o l u t i o n  t a k e s  

on t h e  form 

where Ro = blc2/eB, M is t h e  p r o t o n  mass, B is t h e  magnet ic  f i e l d ,  

and Z and A are t h e  p a r t i c l e  charge  and mass number r e s p e c t i v e l y .  

Recent work on p ro ton  and helium nuc leus  s p e c t r a  n e a r  s o l a r  

r i ~ i ~ ~ ~ ?  s u g g e s t s  t h a t  solar modulat ion e f f e c t s  are  e s s e n t i a l l y  

T i e l o c i t y  dependent .  l5 The f a c t  t h a t  p r o t o n s  and hel ium n u c l e i  

;?a-,re t h e  same s p e c t p a ,  i n  energy per  nuc leon ,  i n d i c a t e s  t h a t  t h e  

dominant modula t ion  is a f u n c t i o n  of v e l o c i t y  a l o n e .  For t h e  

pj-esent a n a l y s i s ,  t h e  cyange-over from t h e  p u r e l y  v e l o c i t y  de- 

~ c ~ c l e n t  f u n c t i o n  (5) €or lox e n e r g i e s  t o  t h e  formula  ( 6 )  for 

hfgi i  e n e r g i e s  is e f f e c t e d  a t  a k i n e t i c  energy pe r  nucleon (Eo) 

Figure  3 shows t h e  demodulated spec t rum,  cu rve  B ,  t h u s  o b t a i n e d  

f r o n  the observed  s p e c t r u n ,  cu rve  A ,  f o r  Eo = 1 BeV. E e l o w r -  500 

; ,reY per nuc leon ,  c a r v e  B e x h i b i t s  t h e  c h a r a c t e r i s t i c  of ;? f l a t  



- 8- 
E x t r a p o l a t i o n  t o  t h e  Source: 

By a d e t a i l e d  c o n s i d e r a t i o n  of i o n i z a t i o n  losses ,  t h e  s o l a r  

demodulated spectrum is e x t r a p o l a t e d  t o  t h e  s o u r c e .  S ince  these 

p a r t i c l e s  d i f f u s e  through t h e  i n t e r s t e l l a r  medium, t h e  t raversa l  

of matter w i l l  however e x h i b i t  a d i s p e r s i o n  about t h e  mean v a l u e  

of 2 . 5  gm/cm , and as  these e n e r g i e s  are l o w ,  t h e  i n f e r r e d  s o u r c e  

energy of  each observed p a r t i c l e  w i l l  depend c r i t i c a l l y  on t h e  

2 

actiial p a t h  t r a v e r s e d .  I n  t h e  appendix an  expres s ion  f o r  t h e  

d i s t r i b u t i o n  of p a t h  l e n g t h s  due t o  d i f f u s i o n  is d e r i v e d .  The 

v a r i a n c e  of t h e  p a t h  l e n g t h s  a s s o c i a t e d  w i t h  t h i s  d i s t r i b u t i o n  

is ( $ 2 / 5  ) of the  mean p a t h  l e n g t h ,  and t h e r e f o r e  t h i s  corn- 

p l i c a t i o n  t o  t h e  e x t r a p o l a t i o n  c l e a r l y  cannot  be ignored .  

7 

Each observed  p a r t i c l e  is, i n  p r i n c i p l e ,  mapped i n t o  a 

u n i t  nodu lus  energy  d i s t r i b u t i o n  a t  t h e  s o u r c e  acco rd ing  t o  t h e  & 

p r i o r i  d i s t r i b u t i o n  i n  p a t h  l e n g t h s  a r i s i n g  from a d i f f u s i o n  

p r o c e s s .  These i n d i v i d u a l  d i s t r i b u t i o n s  a t  t h e  s o u r c e  are 

weighted by t h e  s o l a r  demodulat ion f u n c t i o n ,  (5)and (6:) ,and t h e  ' 

r e s u l t i n g  s o u r c e  spec t rum,  curve  C ,  is shown i n  F i g u r e  3 .  T h i s  

s o u r c e  spec t rum e x h i b i t s  a peak a t  about  100 MeV p e r  nuc leon  and 

f a l l s  r a p i d l y  a t  lower e n e r g i e s .  

D i s c u s s i o n :  
~ 

:,-h?n coripared w i t h  t h e  observed s p e c t r m ,  t h e  soul-ce spectrum 

:;ho,;s the s y s t e m a t i c  efj^ects of ene rgy  l o s s  by i o n i z a t i o n ,  pa r  

; i c i . : 1 :~~Ly  zt t h e  l o w  energy e n d .  The sinoothness a t  t h e  low energy 

ccci 1s due t o  t h e  d i s p e r s i o n  i n  path l e n g t h s  i n  t h e  i n t e r s t e l l a r  

nedliin. If one were t o  assume t h a t  a l l  p a r t i c l e s  t r a v e r s e  ex- 

a c t l y  2 . 5  gm/cm2,  t h e n  t h e  s o u r c e  spectrum the reby  i n f e r r e d  would 

I 
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e x h i b i t  an a b r u p t  c u t o f f  a t  about  80 MeV p e r  nucleon.  

If one assumes t h a t  h igh  energy p a r t i c l e s  ( > s e v e r a l  BeVr 

can f r e e l y  propagate  away f r o m  t h e  s o u r c e  accelerator and are 

n o t  modulated d r a s t i c a l l y  by g a l a c t i c  or s o l a r  magnet ic  f i e l d s ,  

t h e n  t h e  energy  spectrum of a c c e l e r a t e d  p a r t i c l e s ,  a t  h igh  e n e r g i e s ,  

is t h e  same as t h e  a sympto t i c  form (2) of t h e  observed spec t rum,  

v i z  : 

dE 

T h i s  is shown as cu rve  D i n  F i g u r e  3. 

T h i s  spectrum (8) f o r  a c c e l e r a t e d  particles probably  does 

n o t  remain v a l i d  down t o  extremely l o w  e n e r g i e s ,  bu t  we know 

t h a t  it is an  adequa te  d e s c r i p t i o n  f o r  s e v e r a l  decades i n  t h e  

r e g i o n  of s e v e r a l  BeV, 

form ( S )  of t h e  spectrum corresponds t o  a g e n e r a l  s i t u a t i o n  of 

A s  po in ted  o u t  by Syrova t sk i i16  t h i s  

energy  e q u i p a r t  it i o n  among cosmic r ays ,  magnet ic  f i e l d s ,  and 

t u r b u l e n t  motion.  I f  w e  assume t h a t  t h e  same form ,of t h i s  

s p e c t r a ?  is v a l i d  down t o  about  100 X e Y ,  t h e n  t h e  r a t i o  of t h e  

SOL' :TC~ i n t e n s i t y ,  curve  C ,  t o  the i n t e n s i t y  g iven  by curve D is . 

n ~.eri.r;:re of t h e  t r a n s x i s s i o n  e f f i cency  of t h e  s o u r c e  environment 

.Co:-  XI-!^ energy per nuc leon  unde r  c o n s i d e r a t i o n .  

a - ~ ~ d . : z  ,~ . ,~nsxniss ion coefficient as a f u n c t i o n  cf t h e  r e c i 2 r o c a l  

, I  ... Figure  4 shows 

*'- j < - -. ~ 

v; . lcci ty .  The fac t  that, t h i s  c o e f f i c i e n t  e x h i b i t s  a s t r a i g h t  l i n e  

i n  a semi- log  p l o t  w i t h  r e s p e c t  t o  l/@ s u g g e s t s  t h a t  t h e  accelerated 
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s o u - c e  par t ic les  remain p a r t i a l l y  conf ined  by a p r o c e s s  of 

a i 2 f u s i o n .  The cosmic ray d e n s i t y  " o u t s i d e  t h e  source" is 

t h e r e b y  r e l a t e d  t o  t h e  d e n s i t y  " i n s i d e  t h e  source" by a s imple  

r e l a t i o n  of t h e  form 

-..L :,I:ei*c3 k '  is t h e  s l o p e  of t h e  t rzns in iss ion  r a t i o  p l o t  (Fig. 4). 

S h c e  t h e  cosmic ray source s p e c t r u m  a p p e a r s  t o  be a 

u n i v e r s a l  f u n c t i o n  of v e l o c i t y  ra ther  t h a n  r i g i d i t y ,  w e  i n f e r  

that t h e  confinement t o  t h e  s o u r c e  environment does  n o t  ar ise  

 fro?^ t r a p p i n g  by o r d e r e d  magnet ic  f i e l d s .  Rather ,  a comparison 

of (9)  w i t h  ( 5 )  i n d i c a t e s  t h a t  t h e  p r o c e s s  involved  here is one 

of Cif f i l s ion ,  similar t o  t h a t  prevailing i n  t h e  s o l a r  system. 
e 

7.- - .!.- 4 - scggests t h a t  t h e  magnet ic  environment of the phys ica l  

sccx-cz of cosmic r a y s  might be  s i m i l a r  i n  form t o  t h e  solar 

F??r--.-,-- Lic environment (e. g .  magnet ic  t u r b u l e n c e  convected 

ciakxird by a plasma wind) .  



-11- 

Appendix : 

The d i s p e r s i o n  i n  cosmic r a y  particle p a t h s  from t h e  s o u r c e  

t o  t h e  s o l a r  system is h e r e  a t t r i b u t e d  t o  a d i f f u s i o n  mechanism. 

’ For a p a r t i c l e  produced a t  t h e  space- t ime o r i g i n  of a homogenous’ 

i s o t r o p i c  d i f f u s i v e  medium, t h e  p r o b a b i l i t y  p e r  u n i t  time of 

P (t):F y= ( a rr] aD z ~ ~ ~ ( w ) T + - -  (*)>~g (Al l  

f i r s t  passsge  beyond a r a d i u s  (a) is g iven  by 14 

nn 7 

where D is t h e  d i f f u s i o n  c o n s t a n t  c h a r a c t e r i s t i c  of t h e  

mediurn. 

T h e  mean t i m e  of f i r s t  passage <t > is c o n s t r u c t e d  as 

0’ 

The second tempora l  moment (t2 > is c o n s t r u c t e d  as 

The v a r i a n c e  (i:K.l2 of t h e  f irst  passage  time is t h e n  

By comparing t h e  mean first passage t i m e  4 t 7 ,  a s  g iven  by 

( A 2 1 ,  v i t h  t h e  v a r i a a c e ,  as g iven  b y  ( A r l ) ,  we n o t e  t h e  r 2 l a t i o n  . 

-2 we X s s U m e  t h a t  t h e  q u a n t i t y  of m a t t e r  traversed ( S )  by an  

observed p a r t i c l e  is p r o p o r t i o n a l  t o  its t o t a l  t r a n s i t  t i m e ,  s o u r c e  

x r w  Y E 9 0  
, I .._ 
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t o  o k e r v e r ,  t h e n  w e  can u s e  t h e  r e l a t i o n  g iven  by (A51  t o  i n f e r  

t h a t  

%-e c o n s i d e r  a sample of observed cosmic r a y  par t ic les  which 

is characterized by a c e r t a i n  v a l u e  f o r  4 S > ( e .g .  2 .5  gm/crn2) . 

and a s s i g n  t h e  cor responding  v a r i a n c e  ( A 6 1  p r e s c r i b e d  by d i f f u s i o n  

thecry. 

a r e  s c f f i c i e n t  t o  c o n s t r u c t  a normal galrssion d i s t r i b u t i o n  f u n c t i o n ,  

v i z :  

The w e l l  d e f i n e d  v a r i a n c e  and mean here ascribed t o  (S) 

(A 7) 
0 

I n s e r t i o n  of t h e  e x p l i c i t  e s p r e s s i o n  ( A 6 1  of t h e  v a r i a n c e  

T h i s  d i s t r i b u t i o n  f u n c t i o n  ( A 8 1  is r e n o r n a l i z e d  t o  account  

f o r  the e x c l u s i o n  of n e g a t i v e  v a l u e s  for (SI, a s  follows: 
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T h i s  a s su i ip t ion  (A10) is v a l i d  i n  p r a c t i c e  s i n c e  t h e  material  

d i m e t e r  of t h e  e n t i r e  galaxy is an o rde r  of magnitude less 

t h a n  < S >. 

Tke f i n a l  e x p r e s s i o n  of t h e  renormal ized  d i s t r i b u t i o n  -_ 

f u n z t i o n  u t i l i z e d  here is: 

where : 4 
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